ABSTRACT A sodium channel ÔkdrÕ-type mutation was identiÞed in the M form of Anopheles gambiae from Burkina Faso in the tropical savannah area belt. The molecular M form of An. gambiae is found at high frequencies in the ßooded rice cultivation area of Kou Valley, where the insecticide selection pressure is limited. The spread of the mutation in the M population is an ongoing process, as it increased from a frequency of 0.006 in 1999 to 0.02 in 2000. The S molecular form occurs in sympatry in our study village, with the M form at a relatively low frequency. The common ÔkdrÕ mutation was previously detected in this area in the S form, and has probably invaded the M population through genetic introgression. This impacts on the question of actual levels of gene ßow between the two molecular forms in tropical savannah areas. A hybrid M/S individual was identiÞed during the course of this study, which was homozygous for the ÔkdrÕ mutation. Pyrethroid resistant An. gambiae were caught in October and November, which is the time of year that the molecular S form migrates into this area as rain-fed breeding sites in the cotton Þelds dry out.
PYRETHROID RESISTANCE IN Anopheles gambiae was Þrst reported in West Africa (Elissa et al. 1993 , Chandre et al. 1999a , Diabaté et al. 2003a ). This resistance was probably initially selected by the intensive use of DDT and more recently pyrethroids for cotton crop protection (Chandre et al. 1999b) . A survey in Burkina Faso demonstrated a spatial and temporal variation in pyrethroid resistance in An. gambiae in accordance with the intermittent use of these insecticides on cotton (Diabaté et al. 2003b ). The resistance phenotype results from a single point mutation in the para-sodium channel gene (Martinez-Torres et al. 1998) . Such pyrethroid resistance is often termed ÔkdrÕ, due to the knock-down resistant phenotype observed in houseßies with this type of mutation.
Several studies have been conducted to estimate the distribution and prevalence of this mutation in African An. gambiae populations (Chandre et al. 1999c , della Torre et al. 2001 , Diabaté et al. 2003a . The mutation was found in the molecular S form of An. gambiae, but was not in the sympatric M form (Chandre et al. 1999c , Diabaté et al. 2003a ). This supported the hypothesis that the heterogeneity observed in An. gambiae populations was maintained by restricted or absent gene ßow between the molecular forms of this vector (della Torre et al. 2001 ). The ÔkdrÕ mutation was subsequently observed in the M form of An. gambiae from a tropical forest area of Benin and molecular analysis of the DNA sequence of the large intron immediately upstream of the mutation, suggested that it arose in the S form and moved through genetic introgression to the M form (Weill et al. 2000) . The ÔkdrÕ mutation is found in the M form only in areas of Benin and Cô te dÕIvoire where insecticide selection pressure is exerted, which suggests that this population has been sampled in an unstable situation, where the spread of the ÔkdrÕ allele in An. gambiae is ongoing (della Torre et al. 2001) .
Further monitoring of this process may provide important information on the gene ßow and the ecological divergence of M and S forms.
Here we report detection of the ÔkdrÕ mutation in an M population of An. gambiae from a tropical savannah area and elucidate the circumstances which facilitated its spread in this mosquito.
Materials and Methods
Study Area. A survey was conducted in the Kou Valley of Burkina Faso, a rice cultivation area developed in 1970. It is characterized by wooded savannah and covers 1,200 ha between 4Њ 24Ј 59Љ longitude west and 11Њ 24Ј latitude and contains seven discrete villages. Between 1999 and 2000, larval collections and night catches were performed in VK7, a village located on the boundary of the rice and cotton areas. Mean annual rainfall is Ϸ1,200 mm and rice is the major crop. Few insecticides are used on this crop, but they are extensively used in the surrounding villages on cotton. Two seasons characterize the area, the rainy season extends from May to October and the dry season from November to April. The river Kou is a permanent source of irrigation and there are two rice crops per year (JulyÐNovember and JanuaryÐMay). Because of the irrigation system, the rice Þelds form permanent mosquito breeding sites. Additional breeding sites are found in the depressions and ponds. The village has Ͼ600 inhabitants, mainly farmers. Sheep, goats, pigs, and a few cows are also present.
Mosquito Collections and Analysis. To achieve a representative sample, mosquitoes were regularly collected by human bait catches from July to December in 1999 and 2000. Genomic DNA was extracted from single Þeld collected mosquitoes and polymerase chain reaction (PCR) ampliÞed for species identiÞ-cation within the An. gambiae complex (Scott et al. 1993) , to determine the molecular (M or S) form within An. gambiae (Favia et al. 2001) and to detect the standard Leu-Phe ÔkdrÕ mutation (MartinezTorres et al. 1998) .
In 2000, larval Þeld collections were transferred to the laboratory for adult emergence, to assess their adult pyrethroid resistance status. Permethrin (1% (25/75 cis:trans)) impregnated Þlter papers prepared according to WHO speciÞcations were provided by the Institut Pierre Richet de Bouaké , Cô te dÕIvoire (IPR). WHO resistance test kits for adult mosquitoes were used (WHO 1970) . All tests were undertaken on 2-to 5-d-old nonblood-fed female mosquitoes. The Kis susceptible reference strain of An. gambiae was provided by the Laboratoire de Lutte contre les Insectes Nuisibles (LIN-Montpellier).
Results
A total of 399 mosquitoes was identiÞed to species and molecular form and analyzed for the ÔkdrÕ mutation. An average of 30 mosquitoes were analyzed per month over 2 yr. An. arabiensis was absent. Both the M and S molecular forms occurred, and the M form had the highest frequency (see Table 1 ). The S form was not detected in July, but appeared from August to November. In total it represented 20% of the mosquitoes in 1999 and 13% in 2000. The ÔkdrÕ mutation occurred in both the M and S forms, but at very different frequencies. These ranged from 0.8 to 1 in the S form and from 0 Ð 0.04 in the M form (Table 1) . The overall frequency of the ÔkdrÕ mutation in the M form was 0.006 in 1999 and 0.02 in 2000. One M/S hybrid mosquito, which was homozygous for the ÔkdrÕ mutation was identiÞed in 2000.
The WHO discriminating dosage bioassay with permethrin produced 100% mortality in July to September and resistance was detected in October and November (Fig. 1) . Although mosquitoes for the bioassay were collected as larvae, the resistance status coincides with the ÔkdrÕ frequency analysis reported for human bait catches of mosquitoes. The permethrin resistance status observed from October to November is therefore co-incident with the high frequency of the molecular S form in these periods. The most likely hypothesis is that the ÔkdrÕ mutation has invaded the M form through introgression from the highly resistant S form.
Discussion
The M and S molecular forms of An. gambiae occurred in sympatry in village VK7 with some variation in their relative frequencies. The M form was predominant and the S form increased in frequency in October to November. An. gambiae M occurs at high frequency in ßooded/irrigated zones, characterized by intensive rice cultivation, while the S form is collected in rain-dependent breeding sites (Touré et al. 1998) . As the S form in our study appeared in high frequencies at the end of rainy season, with very high frequencies of the ÔkdrÕ allele, it probably migrated to our Þeld site from the surrounding cotton area as the rain-dependent breeding sites dried-up (Diabaté et al. 2003b) . Permethrin resistant An. gambiae was detected previously in this location (Diabaté et al. 2003b ) and the relative high frequency of the S form was the cause of the resistance in Kou Valley in October and November. The ÔkdrÕ mutation has been found in the S form throughout west Africa in a large-scale study, but resistance was not detected in the sympatric M population (Chandre et al. 1999c ). These results were later conÞrmed, with the exception of Benin, where the kdr mutation was found in the M form, which supported the hypothesis that there was reproductive isolation between the two forms in the dry savannah areas (Fanello et al. 2000 , della Torre et al. 2001 , Diabaté et al. 2003a . The presence of the ÔkdrÕ mutation in the M form of Benin, in a forest belt, suggested genetic introgression between the S and M forms (Weill et al. 2000) . This led to the hypothesis that near or in the forest belt, the Mopti and Savanna chromosomal forms fused with a single forest population, which could act as a bridge for gene ßow (della Torre et al. 2001) .
Although the hybrid M/S is produced readily in the laboratory, and is detectable with a PCR-based diagnostic, very few hybrids were reported from the Þeld (Favia et al. 2001 , della Torre et al. 2001 , Gentile et al. 2001 . Postmating reproductive isolation, in the form of hybrid male sterility, has been demonstrated among An. gambiae sibling species, but mating between chromosomal forms produces fertile F 1 progeny (Di Deco et al. 1980) . Tripet et al. (2001) found evidence of hybridization among the two molecular forms in the Þeld and other authors noted that these hybridization rates were at least an order of magnitude greater than those in well-established species such as An. gambiae s.s. versus An. arabiensis and Drosophila pseudoobscura versus D. persimilis (Powell 1983 ). Black and hypothesized that the lack of M/S hybrids in the Þeld could be due to partial reproductive isolation among molecular forms, with gene ßow occurring only in certain geographical locations or at certain seasons. The study area in the Kou Valley is very distinctive, being on the boundary of rice and cotton Þelds, with a very high density of the M form of An. gambiae throughout the year, in contrast to the cotton area which has predominantly the S population expressing a high frequency of the ÔkdrÕ mutation. At the end of the rainy season, when the two molecular forms mix in the rice Þelds, this may facilitate the exchange of the ÔkdrÕ allele between the populations. In our study, we identiÞed a hybrid M/S mosquito, which we expected to be heterozygous for the kdr mutation, as the frequency of this mutation is very high in the S form and very low in the M form. However, the hybrid was homozygous for the ÔkdrÕ mutation. This could result from a mating of an S and an M form both containing the kdr mutation, but the probability of this is low. The result could be a PCR artifact, but this was unlikely as mosquitoes had been individually stored after Þeld collection.
The failure to Þnd Þxed differences between the S and M forms in several DNA regions raises questions about the taxonomic status of these two nonpanmictic units (Lanzaro et al. 1998 , Gentile et al. 2001 , Mukabayire et al. 2001 ). An obvious explanation for the lack of genetic deÞnition, even if complete reproductive isolation existed between the forms, is that the isolation arose too recently to allow even noncoding DNA to have signiÞcantly diverged (Gentile et al. 2001) . But can new taxa be justiÞed on the basis of rDNA differentiation, when many studies demonstrate gene conversion among rDNA cistrons (Black and Lanzaro, 2001) , which could lead to overestimates of genetic differences among populations? The presence of the ÔkdrÕ mutation in the M form in Burkina Faso, where the two forms were considered as distinct units with strong reproductive barriers weakens the case for taxonomic status of these molecular forms. The kdr mutation in the M population of Benin already suggests genetic introgression from the S form (Weill et al. 2000) , and our data now suggests gene ßow between the two molecular forms in dry savannah areas where they are sympatric. The sodium channel gene has been mapped to the 2-liter arm of the nurse cell polytene chromosomes (Ranson et al. 2000) , a different location to that of the inversions used to deÞne the chromosomal forms (2R) and the rDNA sites (X chromosome, Collins et al. 1987 ) that characterize the molecular M and S forms, therefore this marker may be a good indicator for studies on the genetic structure of An. gambiae populations. Any survey of this marker needs to be accompanied by information on the bio-ecology and the insecticide selection pressure throughout the year alongside the relative frequencies of the different forms.
